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ABSTRACT

Wc re])ort 0]1 ]nulti-fteyucllcy  radio  tilnillg obswlations  of tlIe ulliyue  bil~ary  pulsar

I’Slt  JO045–7319,  the only known radio pulsar in tlie Small hfagellanic Cloud. Obscr-

vat,ions made at epochs  near pcriastron  alld apastron,  when t,}Ie pulsar was at distances

froln its 131 V star coll~panion  of W4 and w40 stellar radii, reveal  no sig]lificant,  frcqucncy-

depcndc~lce  of the observed I)UISC  arrival t,irnes, implying a 3a UJ)J)Cr lilnit to variations

of thr.! integrated e]cctron  density along the line c}f si~ht of AI) M<O.9 pc cm- 3. Using

simp]e  geolnetr’ic  arguments we infer a u nique]y dil cct 3U uppel”  ]illlit  to the ionized

component of t]ie ]{ star mass-outf]ow  of M < 3.4 X 10–11 (uW/vC<,.)  MC) yr-’. q’]lis is

tile first constraint  0]1 a lnain-sequence  B star wind ill the SMC arid provides evidence

in favor of the predicted metal] icit,y dependence of Iilode]s  of radiatiol~  driven winds in

luminous stars.

,$ubj”cct  hcadintys: pulsars: individual: PSlt JO045–7319  – Magellallic  (;louds  - binaries:

genera] – stars: mass-loss - stars: atn~ospheres of - early-type stars
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1. Introduction

Observa,t,ionaJ  constraints on willcl  velocities and mass- loss rates of lulIlilLous,  massive stars are

important for testing models of radiation driven winds. In such winds, tlIc mass outflow is a result

of the absorption of photosphcric  radiation by (JV metal liues in the outer  atmosphere. Mass loss

fro]n hot, luminous stars is relevant to their evolution, interaction with the interstellar lnedium,

and hence galactic evolution. FIowever, rneasurwnents  of wind parameters, especially mass-loss

rates, are made difficult by large uncertainties, both random and systematic, as well as by the

necessity for relying on models of the winds to interpret the observations, (see Kudritzki  & IIummer

1990 for a review). observational tests of radiation driven wind theory  include modeling spectra

of individual stars, and comparing trends in the wind properties of a large sample of stars with

parameters like effective temperature, luminosity, and metallicity.

I’Slt  JO045–7319  (1’SIL 110042--73) is a 0.926 s radio pulsar in a hi~;hly eccentric binary orbit

with a 111 V star (Kaspi et al. 1994, hereafter Paper 1). 1 t is the only known pulsar in the Small

Magellanic Cloud (SMC).  ‘1’his association is assured both by the obselved  line-of-sight integrated

electron density or dispersion measure DM & 105 pc cm -3, since models of the galactic electron

distribution account for no more than w25 pc c]n-~ alo~lg the l ine of  sight (’hylor  & Cordes

1993), as well as by the apparent luminosity (16 mag in V) of the 111 V star that lies within the

wI” positional error box determined via pulsar ti)ning, Astrometric,  spin, and orbital parameters

from two and a half years  of radio timing observations reported in ]’aper  1 are given in Table 1.

ltecently,  IIell et al. (1995) have detected Doppler shifts of tile 111 \l star’s  optical absorption

lines, making this the first dual-line binary pulsar, and unambiguously confirming the nature of

the pulsar’s companion. ‘1’}lose  observations determined the mass ratio in the system, 6.3+1.2,

which, for a pulsar  lna.ss  of Ml)== 1.4 M@), implies a H star mass of h4C==(8.8+1.8)M@),  and an

orbital inclination angle of i=-44°4 .30. l+oln tile eflecti~e telnperatu  rc of (240 f)O~l 000) K and

the luminosity of 1,2x 104 I, E), 13ell et al. (1995) deduced a radius fcll tile companion R star of

l{c=(6.4*o.7)l{@.
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~’he pcriastron  separation, given by .’lr~ir, == a[, (l –e)(l-l-M[,  /h4C) :. (3.7zl:0.5)l{C,  is det,er]nined

by observations under the assumption that M,,=- 1.4 ME), while the a[~astron separatioli,  s,,,aX =

C[, (l +-c) (1 +Ml~/MC)  = (35.2 +5. I)IL Despite the close approach of the ])ulsar to the companion at

pcriastron,  no eclipse, anomalous scattering, nor a.ILy I)M i}lcrease  has been observed at any orbital

phase (1’apcr 1). lndecd the 30 upper limit 011 DM variations obtained i]] l’apcr  1, 3.2 pc cm-~,

ilnplied a ]nass loss rate sigliificant]y below that predicted on the basis of standard clnpirica] lllass-

IOSS rate formulae (cleJagcr, NieuwcHhuijzcll  k, vail derllu(ht  1988; l,ipullov, l’ostnov & Prokhorov

1995). Nevertheless, low-level yet significant deviations I_rol[)  a simple Kcpleriaa  orbit, as evidenced

by the high RMS tilning  residual reported in l’aper  1 (see also Kaspi  et al. 1995a), suggested the

presence of 1 )M variations just IN1OW the level Illeasurab]e  using o]l]y tllr s]~cctral  baseline availab]e

from observations at a sin~lc radio frequency wit,]] a, fillitc baadpass.

‘J’O search for the effects of dispersion due 10 orKitiil-pha.se  dcl)cndcnt,  l)hf variations from

the HIV star wind, we have conducted multi-frequel]cy  radio observations of I’SIL JO045–7319  at

several epochs near a)ad away from periastron.

2. Obscrvations  and lksults

All observations were lnade using the 64-ID radio telescope at l’s] kes, Australia. A total of

4’1 arrival times were obtained at celltw  radio frequencies 436, 660, and 15’20 MIIz froln J UHC 22

through J u]y 25, 1994. Cryogcl]ically-cooled systcn~s  receiving ortl IogoIlal linear polarizatiolis  were

used at all tllrec obscrvillp;  frequencies, with a, coaxial feed allolvil]g  sil)lullallcous obscrvatiolls  at

436 and 1520 Ml]z.  ‘1’hc  signals were clowwcol~vcrtcd  to an iuterlneditite  frequency) filtered in a

ll~~llti-cll:~llll~!l  {iltcr-lmllkt  detected, and band -linlitcd. At 1520 h’~llx,  tllc filter-ba]lk consists of

2 x 6 4  x 5 h411z [iltcrs;  at 66(I hfillz it co]lsists of 2 x 128 x 250 kll~ fil(.crs,  and at 436 MIIz Illc

liltcl-hallk  colllaills 2 X 256 X 125 1(11X [iltcrs. Aftjer sl]]]l]llillg  of tllc ])ol;lli~,;itiolls,”  the SigllillS  tvC1’C

saltlplcd  at 4.S Ills illllcrva]s  usilig  ollc-bit  digitizatio]l  illl(l  rccordd 011 IIlap,llctic  tape. Of[lillc,  tll C

(lati~  were foldd  Illodulo  the ])rcdic.tcd  topoccntric  pulse period, all(l average I)rolilcs—were cross-

c.orrela.tcd  with high sig])iil-to-l)o  iso” te]t~plates.  A rrival  tillles WCI e MwoI(led ill~d iL]IalyMxl  will]  tile
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standard pulsar  timing  software package ‘J’ RMI’CI (rl’aylor  & \Veisber#;  1989) using the J 1’1, I)E200

solar syst,mn Cphe]neris. Arrival time  uncertairlties  are ill t,lIe range 0,5 3 Ins for these observations,

aud are limited in precision by the average profile si.grlal-tf)-uoise  Iat,ios,  ty]rical]y 10--20,

‘1’lle e])ochs o f  tlic obscrva.t,io~)s, the IIumbel of obs(, rvatior]s  at eac]l frequency,  tlie corre-

sporldillg  orbital ])l)ases @, tile pulsar/}3 star separation s, aud the observed I)M values wit])  1 u

uncertainties are tabulated in ‘1’able 2, l’eriastrorl  is ddiuul  to be at ~J = 0.0. ‘1’he  uncertainties on

the tabulated separations arc uniforln]y 14%. g’hc I)M values are plotted as a function  of time in

I~igrrre 3, where the finite duration of tile measure ]nent  i]lt(,rval  is indicated with H horizontal error

bar, smaller tha]l the size of the poir)t for all but one epoc]l. The vertical dashed lines indicate pe-

riastroll and apastrou. ‘1’]]e  solid horizontal line is the mean va]ue of l)h~, (1 05.083:0.30)  pc cn]-3,

in agreement wit,hirl  ulicertainties  with the value lneasurx’d  in l’a,])cl 1 using o]ily the 436 MHz

baud]mss. I’he reduced X2 of t,l)c I)M’s is 1.76; tvit,h  7 dc<qrecs of frecdorl~l the probability of ex-

cxwdiug  this value is IOCX}. We note  t,l)at  a large coutribut  ion to the ollscrved  X2 comes from the

epoch rigl)t  before periastro]l , at w h i c h  the I)M is 10UICI  than  t,lle  rneall  by 1.7u. lbrther]irore,

the ]nean value of the 1 )M lneasurer~lcnts near periastron  i>, slightly 10WC1 tllarl that near apastron,

though consistent within nlwasurcnlellt uncert,aillt,ies. q’hus we coliclude that we see rlo statistically

sig]lificant  evidellc.e  for any variatiol) ill DM as a furlctiol~  of orbital })lliise , arid place a 3CJ upper

limit ou l)M variatiolis  of AI) M<O.9 ])c cm - 3.

q’he tralislation  of tile above upper lilnit on orbital-l)  llase-de])el~clellt  I)M variatiol]s  to a limit

on the ar])oullt  of ionized ]]lass-]oss fro]]] the I; star is straigllt,foriral(i, ‘1’he defiuitiou of DM is

/

(1
l)h~ =:

0(
7/,% 1) [11, (1)

where d is tile distarlce  to tile source frolll Eart,l)l ?Lr is tile electrol)  derlsitv, and 1 is tile lille-of-siglltj

disiarlce lrleasu  red fro])) tile pulsar to ltarth. (;{)llsc:l~:itioll  of rllass ca ti IN) cx])ressed  via

Ai = 4rH”27tc( r’) ?)/[,l)  (l”) , (2)
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where r is the radial  distance from the 1) star surface, mp is the proton mass and v(r) is the wind

speed. IIere wc assume hydrogen is the dominant element in the wind, that it is fully ionized, and

that M is constant. We adopt the standard velocity law f{~r radiatively  driven winds,

v(r) = L& (1 - Rc/r’)f] , (3)

whcrx? Vm is tile termil]al ve loc i ty  and ~=0.5 (Castor, Al)bott  &. lilei]l  1976; l’auldracll,  Pu]s Xc

l{udritxki 1986).

lJsing Equations 2 and 3 to determine nC(r), we ini.egrat,e  throug;h

companion star froln the pulsar to F;arth  along 1 according, to 13quation  ].

# ,2–  S[,,i,,  + /2 – 2.$rnir,/  Sill ‘i sill W

the atnlosphere  of t he

lJsing the expression

(4)

at peria.stron  and an analogous expression at periastrorl,  ue integrate  nu lncrical]y  to obtain

where

u ppcr

fl~ == ~*j;;jnL~’  AI)M  , (5)
c

1 is the unilkss  difrerrmcc  betwecli the periastro~l  and apastro[l  integrals. Using the 3a

limit ADM< 0.9 pc cm-s, w e  IIave A4 < 3.4 x 10-11 (vw/ocs,)  hf~) yr–l, where  VCSC ==

~MCG/l{C=724 k,], S-l is the colnpanion’s  escape velo(.ity, with (v,X,/vC~C)  likely in the ral~ge

1-3 (Abbott  1982;  IIjorklnan  & Cassi*lelli  1993). For a velocity law wit], @ =- 1.0 we have

A4 <2.9 x 10-11 (vm/vcsC) hfc) yr-].

T])(? upper lilnit 011 the mass-loss r a t e  f r o m th[? IIIV  c o m p a n i o n  t o

1’Slt JO045–731!3  is considerably slnallcr tl]an what is expected frolll  el~lpiric.al  Tnass-loss  rat,e--

luminosity relations (Garmany  et al. 1981; Garlnany  &7, Collti 1984; \rarl IIurcn 1985; cleJager,

Ni[~u~v[:l~ll~lijz(~~~  & varl derllucht  1988), which predict nlass-]oss rates ill tllc raIigc  10-9- 10-8 ME) yr-l

for a star of tliis lulllillosity  and clf’ective telnpcrature. 1 Iowcver  elll])irical  relatiol)s are heavily

wei~llted by tllosc stars (0 stars and lu ]Ilillosity C]iLSS I ali(l 11 stars) for Jvllicll  IIlass loss Carl be ot)-

servcd  easily via starlda,rd  IIletllods  (e.g. 1’ Cyglli  l)rofi]cs,  ] la ]jnc ])rofi](~s , radio free-free elnissioll).

IICIICC those rc?latiolis  likely overest,i))la,t,e  mass-loss rates of lCSS lU ]Ijillous  lllaill-sequc~ce 11 stars,

for wllic.11 wind observatio])s using standard techniques arc difficult,. Nevert ]10](!SS  sIIo\\T (] 982) WaS
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able to observe tlIe winds of several Galactic llla.ill-scclllc!l~c,(  13 stars  a,IId fou II(I IIlass-loss  ra,tes to bc

iu the range (0.15- 2.5)x 10–9 ME) yr ‘1 for stars of silnilar f)pcctra,l  ty~)[? illl(l  lulnillositjy  tO t)llf! IIIV

uuder study IICW. ‘1’hwx Inass-Joss  Ia,tcs are still larger th:ln tl)c upper lilllit  for the companion to

I’SIL JO045–7319,  un]ess  its terminal velocity is surprisin:]y  large.

~’lIe low n)ass-loss rate ]neasured  for the con) lmion  M) 1’S1{ J 004;)-  7319 is likely a result  of

the low Inetallicity  in tlIe S M C . ‘1’]le ]net,allicity  dc]wndclice  in tlie 1)]0(1(?1s  for t,l)e IIlass loss  of

luminous  stars is a pre(]iction of the theory  of ra(liation-liue  (Irivell Will(]sj  since the acc,elcrative

forc(? is obtaium]  froln the radiative Inomcntum  absorbed l)y metal lil~es  II(?ar the p(?ak of the stellar

coutinuum  (I,uc.y  & Solomo]I 1970; Castor, Abbott & Klciu 1976; Abbott  1982; l’auldrach,  l’u Is &

Kudritzki  1986; Kudritzki,  l’auldrach  &, I’uIs 1987). ‘1’llis  pdiction  has tmn th(! motivation behind

considerable obs(:rvatiollal effort to compare Iulnillous  stellar will(ls  in tjllc Galaxy with those  in the

I,hJ~~ all(]  ShJ~], wll{:rc?  t]lc lrlcta,]]icit,ies  are kl]own t o  be :,rna]lcr,  x w 0.3 arid 0.1 tirrles  t,lie solar

\Ja]L1[~ ZG) resl)cc,t,i~,c]y  ({!. g, ]<ll(]ritzki,  ]~au]~rac}~ & JJUIS  ] {1~7). A TIU IjJbc~I  of a.ut, ]iors ]IaVC noticed a

distinct contrast ill t,hc wind strengths of Galactic aud Sh4 C 0 stars,  with evidcllce  for significantly

sll~allcr  Af arid Vm. for SMC 0, 111, ar)d 1111 stars, CWII gi~cn the large scatter and urlcortair]tics in

tile measured values (Walborll  1977; Hutchings  1982; IIurllweilw, 1’arsoIIs & Wray 1982; Gajrmwy

& Couti 1985; l’ri]lja  1987;  Garlnar)y  k. lritxpatrick  1988;  N’alborll et a l . 1995). This is generally

iuterprwted as evidwc. e ir] fa,vor  of a n)etallicity  dependeuctj. ~’bus, tllc ul)])er lilnit OII the Inass-loss

fror]~ tlIe SMC coll~pallion  to 1’S1{,  JO045–7319  provides id(litio]lal,  independent evidmlce  for the

Ill(:tallicity  (Iep(:nd(:ll  cc, the first of its kind for a li~ail]-se(lll(’llc(t  1) star. lndm!d, using tllc radiative

driveu  wiud mod(!l  outlilld  by Kudritzki,  l’auldrach  & I’u Is ( 1987), \vitll  7’ = 24000 J<, ltC=6.4J{[:J,

logg=-4,0  and adoptiug  a  SMC lnotallicity  Z = 0 . 1  Z@, the lrlo(l[?l-~)r(’(lit:tt:(l  lnass-loss rate and

terl~lillal  vdocitj~  a rc  A4 = 8 x 10--11  ME) yr - 1 a.rld v=, = 1 5 3 6  kl~~ s - 1 respectively, sli~llt)ly  lill’~(>1’

tl)al]  o u r  up])er Ii)ilit  (I{u(lrii,zki,  ])ersolial  col])]l)lll)iciltioll). JloIve\cr l’u Is et, al. (1 995) ]miut out,

Ill at, \vin(j tlllvory  sigllific,ar~tly  (J\~(ll(!stil]ltlt(’s  botlI  M a II(1  UK, for early II]:lill-s(:(lll(:ll(:(:  11 StiIl”S.

‘1’he evidellm preselIted here ill favor of a IIl(lallicitv depeudencc o f  radiatlively  drive~l  wind
-—

theory is a(] lllittjdly  based 011 a single SMC Still’. lbdio tilllill$  olmrvatiolts  of a large salilple
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of Oil/pulsar binaries, both in the SMC as WI?]] as in tl)f! Galaxy, could provide a new, power-

ful, ar]d ul)ique]y direct ]llct,llod  of studying tile winds of’ lumi]lous stars. lndccd t,]l{? mass-loss

rate of tl~(!  llc st, ar binary  colr]parlion  to th[? radio pulsar I’SIL 1]1259- -63, the o])ly  other know])

]J~llsar/rl~ai~  l-sef]lle)]cc  star binary, has also been constra,il)ed  using teclllliqucs very difrerent,  fronl

t,llosc  traditionally used for studying stellar wiuds (Joh]iston  et al. 1995a,; Kaspi et al. 1995b)

Searches for’ Il]or{! 011/pulsa,r binaries are curre~ltl.v undcr~vay.

‘1’110s[?  results strongly suggest that tile origin of t,llc  pulsar’s tilllitlg  lesiduals  is dyllanli-

cal. AlthouglI tilnillg nois(? is co]n]non  ill pulsars, tile qualitative ])lol)(!rlies  of the residuals for

1’S1{ JO045–7319  arc l]]l])rcc(:(lcl~t[?(l  ( c f .  Arzoul~Ianian  et a l .  1994; Johnston  et al. 1995 b). A

n~ode] in which t]~e spi~~-incluced  qua.drupo]c molnent  of tile 11 star results iu classical apsidal  a,d-

Va,llc(?  ~,l)d spill-orl)it coup]illg  ]las lXX:I) proposed (J, ai, Rililstcli  & ]{aspi 1995) but  furthc!r timing

observations will bc necessary l)cfore  the model can be tested.

WC tllar]k J. IIcll,  1{. Kudrit,zki, 11. Vwi Buren,  M. van Kerwijk, and 1{, \Vat,ers. ‘1’he  filter-bar~k

syst,e]ns  us[!d ill the obscrva,tiol)s  wert! colistructecl at, t,hc U nivcrsity of Mall  cllest,er,  Jodrcll  Bank.
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travel grarlt,  al~d fro]]] NASA via a 11 ubb][?  l“ellowsllip  through  gra]lt, nu]nlmr  111~-1061  .01-94A from

the Space ‘1’elcscolx:  Sc,iellce  inst i tute , wllicl~ is operated bay the Assoc.  iat, ion of lJniversitics  for

IL(?searc.11  ir) Ast,rollol~~y, I]lc. , under NASA colitr’act  NAS5- 26555. l’art of this res(!arch was carried

out at the Jet l’rol)ulsion  laboratory, Ca,liforllia  institute of ‘1’c!chnologjr,  under  contract, with tllc

Natiolla] Aerol]autics  arid S})acx: A(llrlillistral,iorl.
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Table  1: Ast,romei,ric,  Spin, and Orbital Parameters for PSlt JO045–7319  from Kaspi et al. (1994).

.—— — —

ltigjt  Ascension, o (J2000) 00”45”’ 34.9 s 3: 0.2s

Declination } J (<12000) — 73° 19’03.2”4: 0.8”

l’cried, 1’ 0.9262758349(1) S

Period l)erivativc,  i 4.465(7) x 10-15

Epoch of Period M,]]) 48964,2000

Orbital  I’eriod, l>b 51 .16926 (2) days

]’rejected semi-lna,jor axis, al,sini  174 .235( ’2) It s

l,ongit,ude of pcriast,ron,  w 115.236(2) 0

J3ccelltricity,  e 0.80798(1)

Epoch of I’eriastron MJD 49220.3817(1)

lt.M.S.  timing residual 7.4 ms

—
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‘Jb.blc  2: Epochs  of DM Measurements.

_._—— ——_. _.

MJI) N N N 4 s I)M ul)M

1520 660 436 (l{c) ( p t .  c m- 3) (pc c m- 3)
_—— ———  —

49524,7-49525,1 1 0 5 0.947--0.955 10.3-9.1 105.59 0.25

49525 .7-49526.0 0 1 2 0.967--0.973 7.1-6.1 105.21 0.36

49526 .7-49527,1 0 2 3 0.986--0.995 4.1-3.8 104.56 0.27

49527,7-49528.1 0 4 4 0.005--0.014 4,8-6,1 104.86 0.13

49528 .6-49530.1 1 1 5 0.025--0.053 7.7--12.2 105.08 0.16

49530 .7--49531.1 2 1 3 0.064--0.072 13.8-14.8 105.00 0.09

49531 .7-49532.0 1 0 2 0.083--0.089 16.2-16.9 105.22 0.20

49558 .6-49559.0 3 1 3 0.609-0.618 34.0-33.9 105.13 0.11



- 13

.

Fig. 1 . -  Obscrvt?d I)M v e r s u s  t,ime. q’he solid  hori~,ollt,a,]  line re])rcsents t h e  mewl I)M,

(105.08+0.30) I)c cm-3. ‘1’hc vert,ica]  dashed Iilles iudicate  the e]mr.lls  of })[!riastron  (4 = O) and

apastron  (4 = 0,5). 1 lorizollt,at  error  bars rcpr(?scnl,  th[? illt(rval  over ~vllicll the 1 )M IIleasurelnellts

were made, but are slllall[!r  than the size of the poi]lts for a II but  OIIe ohs(!rvation.
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